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ScienceDirectMethane emissions from the natural gas supply chain are a key
factor in determining the greenhouse gas footprint of natural
gas production and use. Recent estimates of these emissions
have varied widely, because of the large population of
sources, because of different measurement and estimation
approaches, and because of extreme values of emission rates
from individual sources that are much larger than population
average values of emission rates from sources in the same
category (a ‘fat-tail’ distribution). Reconciling differences
between ambient methane concentration measurements (top-
down methods) and direct measurement of emissions from
individual sources (bottom-up methods) is critical to
understanding methane emissions from the natural gas supply
chain. A combination of top-down and bottom-up approaches
is recommended.
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Introduction
Natural gas production in the United States is increasing,
especially from shale formations. As shown in Figure 1,
the U.S. Energy Information Administration projects that
by 2040, over half of natural gas production in the United
States will come from shale formations (shale gas). Even
as production from many other sources of natural gas
decline, increases in the production of shale gas are
projected to drive an increase of more than 40% in total
natural gas production [1]. Many of the shale gas for-
mations currently in development also produce oil, and
the production of oil and other natural gas co-products,Current Opinion in Chemical Engineering 2014, 5:78–83 such as ethane, propane and butanes, is projected to make
the U.S. the world’s largest producer of oil, and one of the
lowest cost producers of natural gas liquids [2].
Balanced against the potential energy and economic
benefits of increased shale gas production are the
potential environmental  impacts. There are multiple
environmental concerns associated with the processes
used to produce shale gas, including land use impacts,
increased seismicity [3,4], extensive water use [5],
and water contamination [6–9]. Criteria air pollutant
and air toxics releases [10–12] and greenhouse gas
emissions [13–19] are also a concern for production,
transmission, distribution and use of both shale gas
and other sources natural gas. There is significant
scientific controversy and uncertainty associated with
many of these impacts; this paper will focus on green-
house gas emissions.
Natural gas has been cited as a potential transition fuel
between more carbon intensive fossil fuels (coal and
petroleum) and renewable energy systems. A simple
calculation using the stoichiometry and enthalpy of com-
bustion demonstrates that, for identical heat releases on
combustion, natural gas releases less than half of the
carbon dioxide emissions of a typical coal [20]. These
benefits can be eroded, however, by natural gas leaks in
the supply chain. Methane, the principal component of
natural gas, is a potent, but short-lived greenhouse gas.
Estimates of the radiative forcing of methane, expressed
as kg of CO2 emissions that are equivalent to a kg of
methane emissions (global warming potential, GWP),
range from 28 to 120 (Figure 2). The reason for the broad
range of values is that methane is converted in the
atmosphere to carbon dioxide, over roughly decadal time
scales. Global warming potentials, as calculated by the
Inter-governmental Panel on Climate Change [21], have
historically used a 100 year integration period. So, for
approximately the first decade of a 100 year time period,
the carbon emitted as methane remains as CH4; however,
for much of the 100 year time period, the carbon originally
emitted as methane will be in its oxidized form, CO2,
lowering the radiative forcing. The GWP for methane
averages 28 over a 100 year integration period; however,
the instantaneous GWP of methane is approximately 120
(Figure 2). Thus, the relative potency of methane as
a greenhouse gas depends not only on the chemicalwww.sciencedirect.com
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U.S. Energy Information Administration data and projections for natural gas production in the United States [1].characteristics of methane relative to CO2, but also the
decision regarding whether immediate climate impacts or
century scale impacts, or something in-between, should
be considered.Figure 2
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80 Energy and environmental engineeringperformed calculations on the radiative forcing impacts of
leaks in the natural gas supply chain, assuming a variety of
GWPs for methane. The calculations were performed for
a variety of fuel switching scenarios, including substitut-
ing natural gas for coal in electricity generation and
substituting natural gas for diesel in heavy duty truck
engines. The calculations indicate that methane leaks
ranging from 1 to 5% can mitigate the greenhouse advan-
tages of natural gas, relative to other fossil fuels.
So, what are the leaks of methane along the natural gas
supply chain? Estimates that have appeared in the scien-
tific literature in the past several years have ranged from
slightly over 1% (volume of methane emitted as a per-
centage of the volume of natural gas produced) to more
than 10% [15,16,23,24,25,26]. This uncertainty range
makes it difficult to make policy decisions regarding
whether to promote natural gas as a bridge fuel to a
low carbon economy. The reasons for the uncertainty
are firstly, the large population of sources; secondly, the
difference between approaches based on ambient
methane concentration measurements (top-down
methods) and approaches based on direct measurement
of emissions from individual sources (bottom-up
methods) and finally, the difference in the extreme values
of emission rates, compared to mean emission rates from
many of the emission sources in the natural gas supply
chain (a ‘fat-tail’ distribution).
Estimating methane emissions from the
natural gas supply chain: ‘top-down’ and
‘bottom-up’ approaches
Measurements of methane emissions, made directly at
the emission sources, can be used to develop regional or
national estimates of emissions for the natural gas
supply chain. The goal in this approach is to measure
emissions from a statistically representative sample of
sources, then extrapolate to larger populations. The
measurements and extrapolations to larger populations
are referred to as a ‘bottom-up’ estimate, since the
estimate relies on national or regional counts of sources
and direct measurements of emissions from a sampling
of the sources. As an example, Allen et al. [24]
measured methane emissions from leaks at well pads
as 0.064  0.023 standard cubic feet per minute (scfm)
per well, based on measurements at 489 wells. These
measurements were extrapolated to a national estimate
of emissions from leaks at well pads by multiplying the
per well emission factor by the 447.000 active gas wells
in the United States [23]. The difficulty with ‘bottom-
up’ approaches is obtaining a truly representative
sample from a large, diverse population. If emissions
were normally distributed about a mean value, obtaining
a representative sample would be reasonably straight-
forward. For many types of emission sources in the
natural gas supply chain, however, extreme values can
strongly influence average emissions.Current Opinion in Chemical Engineering 2014, 5:78–83 As an example of extreme values influencing emission
averages, consider the case of emissions from liquid
unloadings of natural gas wells, reported by Allen et al.
[24]. Gas wells often produce liquid hydrocarbons and
water along with natural gas; the velocity of gas up the
tubing of the well lifts produced liquid out of the well
with the gas. As gas production declines, the velocity may
no longer lift the liquids, which accumulate in the well-
bore and eventually restrict gas flow from the producing
formation. There are multiple methods for removing
(unloading) accumulated liquids from a well bore; some
of these methods involve venting natural gas. The U.S.
EPA reports that approximately 60,000 wells in the Uni-
ted States vent during liquid unloadings, resulting in
274 Gg/yr of methane emissions (13.5 billion cubic feet
(bcf) methane) [23]. A small fraction of these venting
wells, perhaps 3–5%, likely account for half of unloading
emissions [26,27]. Characterizing these emissions using
only a bottom-up sampling approach is challenging,
because development of an effective sample requires
some a priori knowledge of which wells have high emis-
sions. If no a priori knowledge of which subset of wells
dominate emissions is available, then very large sample
sizes are required to ensure that high emitters are suffi-
ciently characterized.
The challenges associated with sampling large popu-
lations of methane emission sources have some sim-
ilarities with the long-standing problem of estimating
emissions from motor vehicles. It has been well known
for decades that roughly 10% of the vehicle fleet con-
tributes roughly 50% of all on-road emissions [28]. Large
numbers of vehicle tests have revealed that, while there
are some vehicles that are more likely than others to
become ‘super-emitters’, the way in which a vehicle is
operated and maintained often plays a critical role. The
approach used to identify, then repair, high emitting
vehicles has generally been to require testing of all
vehicles, using annual or biennial ‘smog-checks’ tied to
vehicle registration. This approach results in very high
costs for testing, compared to the amount spent on
repairing high emitting vehicles [28]. The analogous
approach for the natural gas sector would be to require
testing and inspection at all sites, but could there be a
more cost effective or complementary approach?
Alternative approaches for measuring methane emissions
from the natural gas supply chain involve measuring
concentrations of methane using fixed ground monitors
[29,30], mobile and vehicle mounted ground monitors
[31,32], aircraft [33,34,35] or satellites [36]. Measure-
ments of atmospheric concentrations of methane from
ground, aircraft and satellite platforms can be used to infer
total methane emissions in a region. For example, for
aircraft measurements, the difference between average
concentrations of methane upwind and downwind of a
natural gas production region can be multiplied by thewww.sciencedirect.com
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multiplied by the average wind velocity and the horizon-
tal dimension of the basin), to arrive at a basin total for
emissions. If the emissions of methane from all sources
other than the natural gas supply chain can be estimated,
and are subtracted from the total methane emissions in
the area, emissions from natural gas operations can be
estimated. Assuming this can be done, there can be
additional challenges in applying a top-down approach,
for example, separating emissions from natural (e.g. geo-
logical seepage) and legacy emission sources (e.g. aban-
doned wells) from current natural gas operations.
Miller et al. [37], and Brandt et al. [38] have summarized
recent top-down estimates of natural gas production and
both conclude that ambient measurements suggest miss-
ing sources of methane emissions in bottom-up inven-
tories. In particular, Brandt et al. [38] quantify the under-
estimate of methane emissions in the national emission
inventory as 14 Tg/yr (0.73 trillion cubic feet of methane,
with a range of 7–21 Tg/yr). If all of this under-estimate is
assumed to come from the natural gas system, the under-
estimate (0.73 tcf methane) represents roughly 2.6% of
the volume in the 28 trillion cubic feet of natural gas
produced in the United States (roughly 3% of the
methane in the 28 trillion cubic feet of natural gas).
These recent reviews document both the strengths and
weaknesses of the top-down approach. The strength of
the approach is that it provides an aggregate of all emis-
sions, which can be compared to total bottom-up
measurements. The comparison has generally revealed
that sources are missing from current bottom-up inven-
tories. The weakness of the top-down approach is that,
unless tracers (fingerprint compounds) for specific sources
can be identified and measured, the top-down approach
does not reveal which of the many potential sources in the
natural gas supply chain might be incorrectly estimated in
emission inventories.
Conclusion
The current literature on top-down emission estimates
for the natural gas supply chain indicate that current
inventories of emissions underestimate the amount of
methane entering the atmosphere [37,38]. Bottom-up
analyses of the production [22,39], gathering, proces-
sing, transmission [40,41], distribution [42] and use [43]
sectors of the natural gas supply chain have identified
some sources that may be under-estimated, but also
indicate that some emissions sources are being reduced,
in some cases due to emission regulations that are
phasing in [44].
Moving forward, what is the best way to combine the best
features of top-down and bottom-up approaches? Again,
an analogy with the long-standing challenge of identify-
ing super-emitting motor vehicles can lead to insights.
While requiring testing of all vehicles is one possiblewww.sciencedirect.com approach, it is also possible to build into vehicles sensing
systems that can signal possible high emissions. While the
widely adopted ‘check-engine’ light may not have truly
reached its potential for identifying high emitting pas-
senger vehicles [28], the concept of intelligently monitor-
ing a group of process variables, or the composition of
ambient air at a potential source site, and signaling for
further analysis and testing when bounds are exceeded,
has merit for identifying high emitters. Such smart sen-
sing devices could be built into well pads, compression
stations, distribution systems and other possible methane
emission sources. In addition, just as some states have
implemented on road mobile remote sensing to identify
high emitting vehicles [45], mobile methane sensors (e.g.
infrared cameras deployed on aircraft or sensitive
methane monitors on ground vehicles) could be deployed
to identify leaks. Finally, just as states deploy regional air
quality monitoring stations to continually track the
regional impacts of vehicular and other sources of emis-
sions, strategically sited ground measurements, or
possibly aircraft or satellite measurements, could monitor
progress in reducing regional emissions. Collectively,
such multi-scale combinations of bottom-up and top-
down approaches could, on an on-going basis, dramatic-
ally improve our understanding of methane emission
sources. Once the sources are known, an emerging body
of work suggests that technologies are available to reduce
emissions ([46], U.S. EPA Gas STAR Program URL:
www.epa.gov/gasstar).
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